The PHASE experiment performs light scattering and rheological measurements on the colloidal system, with the goal being to probe the essential features of the hard sphere disorder-order transition and the properties of the resulting phase. the static elastic modulus and dynamic viscosity of the crystalline phase. The science objectives require an accurate experimental determination of eight fundamental properties for the hard sphere colloidal samples. These properties are the nucleation and growth rates (to 50% accuracy), the lattice constant (to 0.3% accuracy) and crystal arrangement, the diffusion factor (to 10% accuracy) and root mean square displacement (to 2% accuracy), and the elastic constant and dynamic viscosity (to 10% accuracy).
The nucleation rate is the rate of change with time in the number of individual crystallites, while the growth rate is the rate of change with time of crystallite size. The lattice constant is the centerto-center spacing between the ordered hard spheres, which is dependent, in part, upon the crystal arrangement (e.g. Face-Centered Cubic, Random Hexagonal Close Packed). The diffusion factor (the ability of a single particle to move around within its lattice cage, or to diffuse completely out of its lattice cage) and the root mean square displacement (measure of the Gaussian distribution of the distance a particle moves from its lattice site) are two separate properties associated with the equilibrium structure and are an important means to quantify the dynamics of Brownian fluctuations. The elastic constant and the dynamic viscosity are measures, respectively, of the stiffness and damping characteristics of the resulting crystal. This paper identifies the PIs' required measurements and their accuracies, explains the design features of the flight instrument to enable the measurements to be made to their required accuracies, and reports on how well the PHASE flight instrument performed in flight.
REQUIRED MEASUREMENTS AND THEIR ACCURACIES
The science objectives of the Physics of HArd Spheres Experiment include: (1) quantifying the kinetics of the nucleation and growth for each phase, (2) determining the equilibrium structure associated with each phase, (3) quantifying the dynamics of Brownian fluctuations for each phase, and (4) quantifying
DESIGN FEATURES OF THE INSTRUMENT
The above measurements defined the instrument requirements including full-field large-ensemble Bragg and low angle measurements, multi-angle dynamic and static light scattering, measurements of shear modulus, and color imaging. Integrating these capabilities to work well on the same specimen, while operating remotely in a confined space, required a novel design of optics, detectors, and actuators.
PHASE was developed on a compressed time schedule. The impetus for the compressed time is the scattering wavevector, n is the index of refraction of the medium, }Lo is the wavelength of the incident light, and d = 684 nm is the particle diameter. Ae--__ .35°at a scattering angle of 0=54.8°the first criterion for achieving the required accuracies for nucleation and growth rates, A0 < 0.25°for Bragg scattering, was met. Figure 6 is an overlay of nine azimuthally averaged Bragg images (from 8=0°to 50°) taken of Sample 4 over a period from 1 second to 650,106 seconds (or =7.5 days) after shear melting, clearly showing the presence of, as a well as the subsequent increase and eventual sharp definition of, the first Bragg peak for this sample. (The inset on the figure provides more detailed definition of the growth in the region of the Bragg peak.) The height of the peak and its width yield valuable information about the size and number of crystallites in the sample at each time. By at least 53,135 seconds (or =14.5 hours) after shear melting (the curve denoted by B53135), the peak's width has considerably narrowed and grown higher, a phenomenon corresponding to the size of the crystallites increasing. By analyzing how these scattering curves change during time intervals of interest, the PIs will be able to derive growth rates for the crystal.
Due partly to the excessive signal at low angles (behavioral shortcoming) and partly to the design not quite achieving the minimum observable scattering angle requirement (em_, =0.25°), the instrument was not able to make unambiguous measurements on the samples to the required minimum angle. (In fact, three neutral density filters were required on the screen from 8=0.3°t o 4°to compress the dynamic range of the signal to accommodate camera exposures lengthy enough to measure Bragg scattering.) The inadequacy in making the low angle measurement in this experiment may preclude the determination of scaling factors from which the PIs can quantify both nucleation and growth rates in an absolute sense. The behavioral shortcoming in instrument performance initially appeared attributable to flare in the instrument's optical system, but post-mission measurements have revealed that at least a significant portion of the excessive signal was actually coming from contamination (e.g., dust) in the samples themselves. Since the samples are very well index matched (to ensure single scattering) and dust is not well index matched, the desired low angle signal from these samples is largely dominated by noise. Ironically, the instrument did indeed make low angle measurements, just not of the desired science. The instrument was able to make measurements down to 0=0.4°( now felt to be ten times larger than the In addition to the above tests, the operational flexibility of the instrument permitted the PIs to conduct two additional investigations on STS-94. These included utilizing DLS to study the nature of a nucleating crystal and performing shear alignment / shear yielding investigations on several samples. These investigations, conceived in near real time, enabled the experiment to exceed its pre-launch success metrics, and may yield valuable information with regard to the yield stress and shear melting of the crystalline solid. For the purposes of a space-based LSl, implementing these runs also served to validate the advantages both of a versatile flight instrument and of remote commanding. These real-time changes had no impact on flight crew resources, and allowed the science investigation plan to be optimized in response to immediate results. This clearly has demonstrated that such a method of operations will work, which is important for the extended, and somewhat "crew time" constrained, science operations that will characterize the International Space Station era.
60°, dynamic and single-channel static scattering from e=10°to 170°, rheology using fiber optics, and white light imaging of the sample, all (except for the low angle measurement) to required accuracies. Excess signal on the screen at low angles contributed to the failure to accomplish the low angle science. Nevertheless, PHASE provided both a rigorous test of the benefits of microgravity complex fluids research, and a timely microgravity demonstration of critical light scattering measurement techniques and hardware concepts -to set the stage for the next generation of light scattering flight instrumentation currently under design -while generating data already showing promise of interesting new scientific findings in the field of condensed matter physics.
SUMMARY
The Physics of HArd Spheres Experiment (PHASE) utilized NASA Lewis Research Center's state-of-the-art light scattering instrument for microgravity experiments on complex fluids, and flew on board the Space Shuttle's Microgravity Science Laboratory (MSL-1) in 1997. Using colloidal systems of various concentrations of micron-sized plastic spheres in a refractive indexmatching fluid as test samples, light scattering experiments were conducted to measure the nucleation and growth rate of colloidal crystals as well as the structure, rheology, and dynamics of the equilibrium crystal. Together, these measurements support an enhanced understanding of the nature of the liquid-to-solid transition. The flight instrument provided the ability to make many types of measurements on each specimen. Although the breadth of the investigation was limited because half of the sample complement had bubbles, the flight experiment clearly demonstrated the value of microgravity in colloids research while providing detailed data on the balance of samples, the quality and quantity of which is expected to deepen the current understanding of the liquid to solid transition. The instrument performed 2-D Bragg and low angle scattering from 9=-0.4°to
